Beer lovers all over the world like to get their drink with a certain volume of stabile foam, which mainly depends on the beer style. However, sometimes this foam comes in form of a sudden, eruptive, and uncontrolled over-foaming (gushing) of beer. Gushing occurs after the bottle has been opened, without previously being treated inappropriately (exposure to high temperatures, shaking, or any other kind of agitation). According to recent scientific and professional literature, gushing may be induced by many factors, but fungal proteins are directly connected to this phenomenon. Gushing caused by fungal proteins-hydrophobins-is called primary gushing, and depends solely on raw material quality. Other reasons for extensive foaming after the bottle has been opened can be of chemical or technological nature in the course of the brewing process. This is called secondary gushing, which can be influenced and reduced by applying good manufacturing practice protocols.
Introduction
Beer foam-some consumers enjoy it, some do not. However, it is the most alluring component of beer, that makes every consumer's mouth water when looking at a full, cold, foamy beer mug. Beer head makes beer a friendly drink. Depending on the type of beer, it can be bigger, smaller, longer-lasting, creamy, etc. However, some foams are not that desirable. Foam created during a gushing experience is not stable and goes away very fast. In short, an immediate release of carbon dioxide (CO 2 ) is observed on opening the bottle [1] . This is a sudden and extremely undesirable phenomenon when it comes to the brewing industry's reputation. It affects the beer quality and consequently causes financial problems for breweries. Providing constant beer quality is one of the biggest challenges for the brewing industry. Therefore, product quality is defined by product stability. Factors affecting beer stability are divided in three major areas: sensory stability (e.g., appearance, taste, or smell), microbiological stability, and physico-chemical stability. Gushing reportedly affects both sensory and physico-chemical stability of beer [2] . Besides the financial problems, the customer's desire to completely change the brand after a gushing experience contributes to the overall negativity towards this phenomenon. Note that gushing is not limited to only beer, but is a well-known occurrence in the carbonated beverages industry (fruit sodas, sparkling wines, champagnes, lemonades, and mineral water) [3] [4] [5] [6] .
Gjertsen et al. [7, 8] recognized two types of gushing: primary and secondary. Primary gushing is induced by fungal activity, especially of Fusarium species. Other species of the genera Aspergillus, Rhizopus, Penicillium, and Nigrospora [9] are also linked with the appearance of gushing. Secondary gushing-or non-malt-related gushing [10] -is caused by manufacturing factors which one can easily influence by applying good manufacturing practices (GMPs). Coarse bottle surface, oversaturation with CO 2 , increased oxalate concentrations, components from hops (hop oils), etc. contribute to gushing [6, 10, 11] . However, Fusarium infected grains are still considered as a serious problem in malting and brewing industries merely because they are directly associated with the gushing phenomenon [4, [12] [13] [14] [15] . Recent investigations have proven that hydrophobins-small surface-active proteins synthesized and excreted by fungi-are responsible for gushing in beer [15, 16] .
Alongside hydrophobins, the well-known gushing inducers fungispumins [17, 18] , as well as elevated levels of pathogenesis-related proteins (PRs), might be responsible for gushing [18] .
Some studies attempted to link the gushing effect with mycotoxin content in malt. Schwarz et al. [19] reported that approximately 90% of all malts containing deoxynivalenol (DON) are prone to gush, but Sarlin et al. [3] disputed this statement, reporting that hydrophobins levels and DON in malts do not correlate, indicating no connection between the synthesis of those two fungal metabolites. In addition, no correlation between DON content and the gushing potential of malt has been observed.
Apart from causing massive economic losses to malting and brewing industries, beer gushing also makes consumers reconsider the brand they are buying, and drives them away from the product, giving the brewery a bad name [20] [21] [22] .
Types and Causes of Beer Gushing

A Short Overview of Hydrophobins and Gushing Mechanism
Hydrophobins are small proteins produced by filamentous fungi (Fusarium sp., Nigrospora sp., and Trichoderma sp.) and dimorphic yeasts [23] . According to Wessels et al. [24] , who first named hydrophobins in 1991 and continued research on hydrophobins, these proteins are highly surface-active and self-assemble at hydrophilic-hydrophobic interfaces in order to form amphipathic membranes. This gives them the ability to lower water surface tension and take part in numerous functions in fungal growth and development. They are thus are able to form a protective coating on fungal structures. This allows the aerial growth of hyphae, protects aerial conidia against desiccation and wetting, and helps the aerial dispersal of spores [25] . Considering their properties, Wessels [26] divided hydrophobins into Class I and Class II. Class I hydrophobins are insoluble in aqueous solutions but are soluble in strong acids (trifluoroacetic acid, TFA; formic acid). Class II hydrophobins are soluble in organic solvents (60% ethanol; 2% hot sodium dodecyl sulfate, SDS) [24, [27] [28] [29] [30] [31] . Szilvay et al. [32] reported that hydrophobins can form monomers, dimers, and tetramers in hydrophilic solutions. One of their properties is to self-assemble at hydrophilic-hydrophobic interfaces [33] . Zapf et al. [17] link primary gushing with class II hydrophobins. The research Deckers et al. conducted in 2012 [34] shed additional light to the understanding of primary gushing.
According to Shokribousjein et al. [33, 35] , self-assembly in carbonated beverages occurs around hydrophobic CO 2 gaseous molecules and causes primary gushing of beer. One of the role of fungal hydrophobins is to help fungus to adhere on different surfaces. This occurs by changing the hydrophobicity of surfaces and provides fungus a better grip on the grain.
According to Sahu et al. (2006) [36] , gushing is a result of nucleation and bubble growth. A more detailed description of the gushing mechanism is provided in several papers [33, 34, 37] , but they all refer to the explanation Deckers et al. [34, 38] in their research. In short, carbonated beverages in closed containers sustain an equilibrium between gaseous and dissolved CO 2 molecules. Hydrophobins adhere to CO 2 bubbles and stabilize them by forming nanobubbles. Nanobubbles agglomerate at the gas-liquid interface and, on opening the container, when the pressure in the container suddenly drops, the particles instantly grow and subsequently explode, causing an extreme foam propensity.
Primary Gushing
As mentioned before, beer gushing can be induced by many factors. The most infamous and most damaging cause of gushing belongs to primary gushing, and is a result of fungal contamination of raw material. Cereals are often infected in the field by different filamentous fungal species, and many of them are known fungal hydrophobins producers (Fusarium, Aspergillus, Rhizopus, Penicillium, and Nigrospora) [3, 9] . Fusarium species are often and in detail considered in the brewing industry as the most potent and most threatening regarding not only hydrophobins production, but also mycotoxins and overall malt quality. Fusarium graminearum and Fusarium culmorum are marked as ubiquitous on malted and un-malted cereals used for brewing, and are for that reason closely monitored for gushing production. Rath [39] dealt with the addition of Fusarium infected grains, so called "relevant red grains" in reference material. The results showed that the addition of five red grains stimulates gushing. Kleemola et al. [40] and Sarlin et al. [32] demonstrated that the addition of purified fungal hydrophobins to beer causes gushing, and in 2007 Sarlin et al. [14] found that even a small concentration of 3 µg/L of hydrophobins in beer, and 250 µg/g in malt cause gushing. According to Zapf et al. [16] , fungi used in their studies did not have relevance as gushing inducers in central Europe (Trichoderma reesei, Fusarium poae, and Nigrospora sp.). However, different research by Stenglein [41] and Yli-Mattila et al. [42, 43] refer to F. poae as a common plant pathogen in Northern Europe, Asia, and North America.
The influence of fungicides on the gushing potential of malt is also a subject of many studies. Havlova et al. [9] reported that the application of some fungicides can induce, rather than reduce, the gushing potential of malt. In some cases, the fungicide treatment stimulated the fungus to produce hydrophobins in order to sustain on the grain surface. One of the methods to reduce the risk of gushing is an early detection of gushing potential of raw materials for beer, such as wheat or barley malt. Fusarium-infected grains are a serious problem for the malting and brewing industry, not only because Fusarium species produce mycotoxins, but also because they produce hydrophobins-a cause of gushing [3, 6, 13, 14] . Thereunto, Fusarium infection affects other malt quality parameters as well: lower grain weight and germinative capacity, yield loss, endosperm protein and starch degradation, etc. [13, 44, 45] .
Even though hydrophobins are proteins, they are thermostable; because of that, they "survive" the brewing process. In fact, hydrophobins are among the most stable proteins that resist temperatures of boiling water [46] . During mashing, hydrophobins are extracted into wort, and about 10% of them will-post-boiling, fermentation, and maturation phases-end up in the final beer. Most hydrophobins will be removed with spent grains, hot trub, or spent yeast [14] . Habschied et al. [47] conducted research in which gushing was related with wheat genotype, fungicide application, and F. culmorum infection. Results showed that the infection of wheat with F. culmorum significantly affects and increases the gushing potential of wheat malt, and that the application of fungicide did not contribute to gushing suppression.
However, there is still not enough data on how the brewing process influences hydrophobins. More detailed research is needed to evaluate the effects of different process steps on the gushing potential of wheat and barley malt.
Secondary Gushing
As mentioned before, agents of secondary gushing are many, and very often they can be avoided by applying GMPs. Some of them will be stated below:
Proteins
Proteins originating from barley are usually not inducers of gushing. However, if during the brewing process plant typical non-specific lipid transfer proteins (ns-LTPs) get degraded, they can contribute to the gushing potential of beer [3, 6, 38, 48] . Heightened Kolbach index values in malt usually mean the increased protease activity. This affects the colloidal stability of finished beer, gas solubility, and microbubbles formation, again contributing to gushing [49] .
Metal Ions and Oxalic Acid
In the course of the brewing process, many adjuncts are used that can contain metal ions. The presence of metal ions (Fe 3+ ) from kiselguhr also triggers secondary gushing [50, 51] . Oxalic acid and its crystals are the usual constituents of beer, in relatively high amounts (about 40 mg/L in wort and 10-25 mg/L in beer) and mainly stem from malt. Oxalic acid crystals form aggregates with hydrophobins and create bubbles that cause gushing [52] . A common cause of secondary gushing is the formation of calcium oxalate precipitations in bottled beer. Insoluble calcium oxalate precipitates in many crystalline and amorphous forms. These particles act as seed crystals, entrap gas bubbles and induce beer gushing [53] [54] [55] .
Hops Constituents
Adding different common compounds such as hops can also trigger over-foaming. Namely, it is considered that hop oils contain different compounds that induce gushing: polyphenols [56] , saturated hop lipids (weak inducer), isohumulones (strong inducer), dehydrated humulinic acid (DHA) (strong inducer), α-and iso-α-acid-derived oxidation products [11] .
Storage Temperature
According to Deckers et al. [38] , lower storage temperature in combination with higher temperature after bottle opening will result in the appropriate amount of gushing. Garbe et al. [49] suggested that gushing will occur in beers left at room temperature or which are agitated. This is very often in households, where beer was kept in a refrigerator and then opened at room temperature. A similar effect can be achieved by storage at room temperature before opening. CO 2 bubbles expand their volume upon opening of the bottle or can. With sudden temperature increase, the gaseous CO 2 is less soluble in the solution (beer or any other liquid) and erupts from the bottle. In addition, CO 2 pressure in the bottle (liquid phase) is high, and on opening, the pressure falls in order to equilibrate with partial CO 2 pressure in the air (gaseous phase), resulting in spontaneous over-foaming [57] .
Bottle Conditioning
Impurities originating from bottles can also contribute to beer gushing upon bottle opening. Detergents remaining in crown corks or scratched parts of the bottle may be released into the beer and cause gushing [49] . Cracks of rough internal bottle surfaces can also contribute to beer gushing by trapping small gas bubbles.
Methods Concerning the Prevention of Beer Gushing
Today's research deals with the causes of gushing, and investigates methods that suppress the induction of gushing, and their application in different phases of beer production. Many of the suggested methods are not suitable for industrial scale, and so preventing or reducing primary gushing is still challenging in real systems. Several methods are described as effective in the industry; they will be described in the following sections.
Biological Methods
Gushing reduction can be influenced while barley is still in the field. According to Garbe et al. [49] , the dispersion of lactic acid bacteria on barley in the field can be applied in order to reduce Fusarium infection and suppress gushing. Lactic acid bacteria (LAB) or yeast Geotrichum candidum can also be added during the steeping phase of the malting process. Boivin and Malanda [58] reported a significant drop of Fusarium infection after the application of the above-mentioned microorganisms. LAB bind mycotoxins and remove them from the medium [59] . Martin [60] reported and patented the use of Pythium oligandrum in different industries, including the food industry. Its antifungal effect was successfully applied during the malting process, where it suppressed the growth of other fungi. Its effect on secondary metabolites production was not described in this research [61] . In 2002, Laitila et al. [62] successfully applied two Lactobacillus plantarum strains into steeping water that acted against several Fusarium species: Fusarium avenaceum, F. culmorum, F. graminearum, and F. oxysporum. Laitila et al. [63] also tried to suppress Fusarium growth and to prevent the production of hydrophobins during malting by using Pichia anomala C565. They also experimented with P. anomala in combination with Lactobacillus plantarum VTT E-78076 starter culture in order to enhance malt processability. The results were promising in terms of Fusarium growth suppression, and hydrophobins production was also lowered.
Physical Methods
Storage Time
Sarlin et al. [14] reported that longer storage time of barley can contribute to the reduction of gushing. This is because the Fusarium fungi loses the ability to produce hydrophobins.
The best way to prevent gushing is to ensure un-infected barley and malt in the beer production chain. This can be achieved by imposing strict in-house quality control of raw materials. Before malting, barley selection starts with cleaning and grading. This ensures the removal of small and most heavily Fusarium-infected kernels from the cereal lot.
Mixing of Different Batches
Mixing of different malt batches can also contribute to the reduction of gushing. However, the lack of storage space is a common problem in breweries, and it would affect the brewing process price. Furthermore, in years with lower yield or higher Fusarium contamination there is not enough "healthy" raw material [50] .
Membrane Filtration and Pasteurization
According to Christian et al. [50] , membrane filtration (0.1 µm pore size) of beer helps gushing reduction. Beer pasteurization at 60 • C also results in reduced gushing potential of beer [38, 48] .
Radiation
The utilization of electron beam irradiation (6-8 kGy) for the sterilization of barley significantly reduces the number of Fusarium fungi [64] . Considering that the radiation does not affect the germination during malting, this method can be applied for malting barley.
Magnetic Field Application
Most recent is the application of a magnetic field to disperse the hop extract [37] . According to the results of this research, the application of magnetic field for the addition of low concentrations of hop extract antifoam is an effective method to decrease gushing, before mixing with the wort. A higher concentration of hop extract antifoam induces gushing. As for the brewery scale, the application of magnetic field for the dispersion of hop extract antifoam showed very good foaming control with small amounts of extract, and no gushing was observed.
Ultrasonic Vibrations
According to Sahu et al. [36] , ultrasonic vibrations act to appease to gushing. The change in the number of microbubbles (or embryos) and their size distribution actually calms down the disturbed liquid prone to gushing.
Addition of Different Compounds
Chemicals
Barley can be treated with hydrogen peroxide in order to reduce Fusarium infection. Kottapalli et al. [65] a 50-98% reduction if infection after a 5 min treatment. Hydrogen peroxide has no effect on germination. Hot water (45 or 50 • C) for 15 min results in reduction of Fusarium infection from 32% to 1-2%, with only a slight reduction in germination [64] . The addition of different calcium-rich silicates can also reduce gushing [52] . The application of silicate salts does not affect the sensory properties of beer; indeed, it only makes it more appealing to the consumers. Foam stability and physical-chemical characteristics also do not undergo any changes [52] . Gaseous ozone can also significantly reduce Fusarium fungi when applied during steeping, without any negative consequences for malt quality [66, 67] .
Enzyme Addition
The addition of proteolytic enzymes in wort causes a degradation of hydrophobins and plant proteins originating from barley. This significantly reduces the gushing phenomenon [3, 20, 49] .
Hop Compounds
Hop components such as free linalool (50 µg/L) and humulones (5 mg/L) count as gushing decreasing methods [11] . Hop extracts are commonly used in brewing in order to control the foam in boiling kettles and fermenters. Adding such an extract before carbonation is effective for gushing reduction [68] . The extract addition has a better effect when added to wort after cooling, and before fermentation. According to Christian et al. [51] and Hanke et al. [11] , beer with higher hop addition tends to have a lower gushing potential. Hop oil at a concentration of 1 µg/L in beer is a good gushing inhibitor. Hop oils, as surface-active compounds, act suppressively on gushing by lowering the surface tension and viscosity [69] . Since hop oils are a common ingredient in the perfume industry, such a high hop oil concentration does not agree with the consumers' preferences, because it negatively affects the beer flavor [11] .
Polar and Non-Polar Molecules
The addition of non-polar molecules to a hydrophobin-rich solution reportedly affects their binding with gaseous CO 2 and contributes to gushing reduction [37] . The inhibition of gushing in model substances was shown as a success, but their addition to beverages may not be the most appropriate. Besides, these substances interfere with the taste and aroma of the finished beer.
Laibl and Geiger [70] determined that some lipids excreted by Fusarium fungi can also influence and decrease the gushing potential of beer.
Postulkova et al. [67] published an excellent review on gushing, describing in detail the causes and novel preventive techniques of this phenomenon. However, by now no safe and reliable procedure is known to prevent gushing. All methods that are currently in use require additional or modified process steps, which makes malting and brewing more expensive, significantly affects the aroma profile of the beer product [52] , or are not appropriate for industrial scale application.
Gushing Potential Evaluation Methods
There are a few gushing prediction methods developed for malt, wort, beer, and other beverages. Since gushing is a very specific phenomenon, it is hard to obtain reliable results. The substances causing gushing are rarely identified, but the potential of raw materials for gushing can be determined. Some of them are being modified and upgraded in order to ensure more accurate and precise data on gushing. Garbe et al. [49] and Shokribousjein et al. [33] described in their papers some of the gushing determination methods:
1.
Carlsberg test-developed by Vaag et al. in 1993 [71] , it is relatively simple to perform: 100 g of malt and 400 mL of water is subjected to mixing in a blender. Fifty milliliters of this extract is then added to a bottle of commercial beer, pasteurized, weighed, and closed. The bottle is then attached to a shaker and left for 3 days. After 3 days, the bottle is opened, and the quantity of beer escaped from it is measured by weighing. However, standard deviations can be quite high, and according to Garbe et al. [50] , the type of used beer has a significant influence on the results.
2.
Modified Carlsberg test (MTC)-in order to set a more uniform test material, Radau et al. [72] introduced an aqueous extract of coarse-ground malt to bottled carbonated water (7 g/L CO 2 ) instead of beer. The bottles are shaken for 3 days and then opened. The quantity of beer loss from the bottles is measured by weighing Radau et al. [72] : 0-5 g qualifies as no gushing; 5-50 g is described as possible gushing, and >50 g is indicative of gushing. This test was accepted by MEBAK ® , but as it turns out, this test also has a high potential for false negative results.
3.
Doubly modified Carlsberg test (M 2 TC)-Garbe et al. [73] modified the original Carlsberg test by introducing the preparation of congress wort, which was then added to carbonated water as a test agent. This modification contributed to a much greater gushing expression.
4.
Enzyme-linked immunosorbent assay (ELISA)-a method implemented by Sarlin et al. in 2005 [3] and patented by Haikara et al. in 2006 [74] . This method is used for the screening and detection of hydrophobins in barley and malt. The downside of this test is that it has a limit of 100 µg/mL, and beyond this number, the distinction between hydrophobins concentration is not detectable (Sarlin et al.) [3] . Before ELISA analysis, samples can be diluted. 5.
Combined method of particle size analysis and charge titration test-this method was originally developed for beer colloidal stability analysis [75] . Based on the intensity of light going through dispersed protein particles in beer (particles size of 1-2 nm), it turned out that the detected stray light is significantly higher for samples prone to gushing than for non-gushing samples. In order to confirm the gushing samples, the particle charge titration method was used, and the results showed that samples prone to gushing needed higher titrated volumes in order to neutralize the charge [76] . 6.
Tracers test-this method is based on the detection of a particular molecule present in a gushing material, linked with gushing potential. For example, alkaline foam protein A (AfpA) is a fungispumin produced by Fusarium sp. that can be found in infected malt, and contributes to beer gushing. According to Zapf et al. [17] , AfpA may be used as a gushing marker.
7.
Matrix-assisted laser desorption ionization time of flight (MALDI-TOF) test-according to Neuhof et al. [77] , this method can be used to asses hydrophobins, with mandatory purification of hydrophobins prior to analysis. The non-specific lipid transfer proteins (ns-LTP) interfere with hydrophobins, having similar molecular weight and four disulfide bridges, and should be eliminated before analysis.
Conclusions
The research activity related to gushing is extremely intense, especially recently. However, there is still a lack of general methods for the effective suppression of this phenomenon. Considering that fungal proteins are identified as the main gushing inducers, it can be assumed that further research will lean towards finding effective strategies to reduce the raw material contamination with fungi-especially from the genus Fusarium. The insurance of microbiological safety is extremely important when admitting cereals, weather barley or wheat, to the malt factory. A better and deeper knowledge of beer gushing inducers and finding new methods for the suppression or complete avoidance of this phenomenon would enable loss reduction in malting and brewing factories caused by gushing.
